We present results derived from the first multi-chord stellar occultation by the trans-Neptunian object (229762) is estimated for the body.
INTRODUCTION
Trans-Neptunian objects (TNOs) are remnants of a collisionally and dynamically evolved planetesimal disk in the outer solar system. Their physical characteristics can provide and reveal important clues about the primordial protoplanetary nebula, planet formation, and other evolutionary processes (Lykawka & Mukai 2008) . Moreover, the inferred chemical, thermal, and collisional processes that they underwent tell us something about the evolution of the outer Solar System. However, their large distances make the study of those bodies difficult, and our knowledge about their sizes, shapes, albedo, densities, and atmospheres remains fragmentary (Parker et al. 2015; Stansberry et al. 2008 ).
In the past 25 years, more than 1900 TNOs and Centaurs have been discovered (Minor Planet Center (2016a , 2016b ). The stellar occultation technique is a very accurate tool to study those bodies, as it provides sizes and shapes at km-level, can detect atmospheres at nanobar-level Ortiz et al. (2012) ), and is even sensitive to features such as jets and rings (Ortiz et al. 2015; Braga-Ribas et al. 2014) . Since 2009, after the first successful observation of a stellar occultation by a TNO (other than Pluto or Charon) called 2002 TX 300 (Elliot et al. 2010 ), several objects have been observed by stellar occultations. Examples are Varuna (Sicardy et al. 2010) , Eris (Sicardy et al. ), 2003 AZ 84 (Braga-Ribas et al. 2011 , 2012 , Quaoar (Person et al. 2011 , Sallum et al. 2011 , Braga-Ribas et al. 2013 , Makemake ), 2002 KX 14 (Alvarez-Candal et al. 2014 , and Centaur objects like Chariklo (Braga-Ribas et al. 2014) and Chiron (Ortiz et al. 2015; Ruprecht et al. 2015) . The observation of a multi-chord stellar occultation on 2014 November 15 increases that list to include the TNO (229762) 2007 UK 126 , the main topic of this paper. This TNO was discovered by Schwamb et al. (2008) in October 2007 with an estimated radius and albedo of 299.5 ± 38.9 km and 0.167 +0.058 −0.038 (Santos-Sanz et al. 2012) , respectively. With a semi-major axis of 73.81 AU, aphelion distance of 109.7 AU, orbital period of 634.13 yr, orbital eccentricity of 0.492 and an inclination of 23.34 degrees (JPL Small-Body Database Browser 2016), it is usually classified as a Scattered Disk Object -SDO -(according to Gladman et al. (2008) ) or a member of the class of "Detached Objects" (see eg. Lykawka & Mukai (2008) ). Moreover, Grundy et al. (2011) reported the discovery of a companion with a magnitude difference of 3.79 mag in the F606W band of the Hubble Space Telescope. Its orbit is still unknown, but it is expected to be non-circular (Thirouin et al. 2014) .
In this paper, we present results derived from the 2014 November 15 stellar occultation by this body. Section 2 briefly describes our prediction scheme and presents the observations. Data analysis is described in Section 3. The size and shape of the TNO as well as their physical implications are discussed in Section 4, before concluding remarks in Section 5.
PREDICTIONS AND OBSERVATIONS
The 2014 November 15 occultation was identified in a systematic search for TNO occultation candidate stars, made at the 2.2 m telescope of ESO, using the Wide Field Imager (WFI). This search yielded local astrometric catalogs for 5 Centaurs and 34 TNOs (plus Pluto and its moons) up to 2015, and for stars with magnitudes as faint as R ∼19.
Further details can be found in Assafin et al. (2010 Assafin et al. ( , 2012 , Camargo et al. (2014) and Desmars et al. (2015) .
After identifying the target star, astrometric updates of the star UCAC4 448-006503 (UCAC2 31623811, R=15.7) close in time to the predicted occultation were performed with the 60 cm telescope at Pico dos Dias Observatory (OPD/LNA -IAU code 874) and with the 77 cm telescope at La Hita Observatory (IAU code I95). From OPD, 20 images with 45 s exposure time were acquired using Johnson's I filter (centered at 800 nm) and an IkonL 9867 CCD camera on October 19, 2014. From La Hita, 99 unfiltered images of 400 s exposure time were obtained on October, 29, 30 and 31, 2014 , with the 4k × 4k camera, which provided a very wide field of view of 47 × 47 arcmin. In both cases, the images were obtained at times when the objects were near the meridian, to minimize possible Differential Chromatic Refraction (DCR) problems. Unfortunately, since the apparent visual magnitude of the TNO is approximately 20.1, the signal to noise of 2007 UK 126 in the individual exposures was poor (around 4 to 8, depending mainly on the seeing) and did not allow us to obtain more accurate astrometry of the TNO.
To derive accurate astrometry of 2007 UK 126 , 36 images of the TNO were obtained with the Calar Alto (IAU code 493) 1.2m telescope using the 4k × 4k DLR CCD camera on October 28 and 29, 2014. The camera provides a field of view of 22 × 22 arcmin. Exposure times were 400 s, which allowed us to obtain a signal to noise ratio on the target larger than 40, with no filter. The images were also obtained when the object was near culmination to minimize any possible problem due to DCR. The astrometry provided the offsets in right ascension and declination with respect to the nominal positions based on the JPL Horizons ephemeris. From the dispersion of the offset measurements (i.e. the quadratic sum of the 1-σ uncertainty in the ephemeris update (20 mas) and the 1-σ error in the position of the star (4 mas)) the final uncertainty in the prediction was estimated about 20.4 mas, comparable to the expected shadow path width. The final prediction indicated that the shadow was favorable for observers in several states in the USA (Fig. 1) . A compilation of our measurements provides the following ICRF/J2000 star position at the date of the occultation:
The RECON project (Buie & Keller 2016 ) pilot sites and other potential sites participated in the campaign for a total of 20 different stations (Tables 1 and 2 ). Bad weather conditions spoiled observations in 11 sites. Meanwhile, six sites from RECON, one IOTA (International Occultation Timing Association) site located in Urbana, Illinois, and two telescopes at San Pedro Martir acquired data, for a total of 7 positive detections of the event and two negative chords at San Pedro Martir, which were located more than 500 km south of the shadow path (Fig. 1) . The times of the star disappearances (ingress) and re-appearances (egress) for the seven detections are listed on Table 3 .
All acquired data, with exception of the data from the two telescopes in San Pedro Martir, were in video format. A video time inserter (VTI) was used to place a time-stamp on each individual video frame. All RECON sites use IOTA-VTI that The VTI interacts with a GPS receiver to obtain the time, ideally with an absolute accuracy of a few milliseconds, and then superimpose the current time on each video field as it passes from the camera to the computer (see Buie & Keller (2016) ). Unfortunately, no information is saved on any image header because of the video format.
DATA ANALYSIS
Considerable detail is provided on video data that is applicable to RECON data in Buie & Keller (2016) . In particular, the discussion on frame and field interleaving of the data is especially relevant for these data. All of the RECON data were collected with a The frames were then grouped to match the corresponding SENSEUP value. The first and last frames of each 64-frame (or 128) sequence were identified by counting frames from a calibrated starting point and checked with a change in field brightness. They were then excluded and the other 62 (or 126) frames were averaged to obtain each image that corresponds to an individual exposure time. By not considering the first and last frame from a sequence, we avoid the need to de-interlace and re-interlace the frames, and we do not take into account any field from the previous or next sequence. Note that this process also preserves the mid time of each image which was extracted from the mid-frame of each sequence. This method generates times with a systematic shift with respect to the absolute times (one integration cycle) but does not affect the final shape when all chords are processed the same way. This whole process of converting video to separate stack image files requires special attention because of possible dropped frames, duplicated fields, or any incompatibility with different software packages, drivers, or plug-ins.
Differential aperture photometry was extracted from the data using the PRAIA package ) to obtain the light curves. Two field stars with 8 pixel and a third one with 10 pixel photometric aperture were used to calibrate the occulted star flux.
Sky background flux was obtained from an annulus of internal radius of 16 and external radius of 20 pixels around the first two calibration stars and 20 to 24 pixels around the third one. For the occulted star, a photometric aperture of 7 pixels was used while for the sky background flux an annulus of 10 pixels inner radius and 16 pixels for the outer radius was used.
The occulted star flux was then normalized to the unocculted stellar flux by applying a third-degree polynomial fit to the flux just before and after the event. The resulting light curves are shown in Figure 2 .
MWB extraction
Accurate determination of the time of each integration is discussed in detail in Buie & Keller (2016) and requires locating the exact place in the video stream where a new integration is first seen.
In this analysis, custom software was created in IDL for each site's data. The first step requires converting the AVI-format video data to individual image files. The freely available tool, ffmpeg 1 , was used to extract a sequence of images to individual PNG format files. In all cases only 90-120 seconds of data were extracted, centered if possible on the occultation chord.
The basic flow of data processing contains some or all of the following steps, customized for each dataset. 1) Create a mean sky image. If possible to build, this image contains the general background gradient, typically from amplifier glow in one corner as well as hot pixels. Sites where the tracking was perfect could not be corrected since separate dark or sky images were not collected. Mean sky images require a rather complicated stacking of frames. The first step is to perform a robust stack of one image per integration. There are as many of these stacks as there are frames in an integration and these stacks are also robustly averaged into the final mean sky image. If the entire cube is stacked at once, the frame replication for the integrations will subvert the robust averaging algorithm. 2) Subtract mean sky image from each frame. 3) Re-interlace the images, if needed. The need for re-interlacing is easily seen in a raw light curve of a bright star. Each integration has a unique signal level and will look like steps from one integration to the next. If the signal steps cleanly between integrations, the interlacing is correct. If there is a single frame point between the two levels, re-interlacing is required. 4) Extract source and comparison star fluxes from each frame. 5) Down-sample by averaging to a single measurement for each integration. 6) Apply timing formula from Buie & Keller (2016) to get absolute timing of each data point. The deviations from this set of steps is now described for each site in turn.
The photometric extraction required some special handling in all cases. Four nearby field stars were measured to obtain both position and flux. When the occultation star was visible, its position was also measured. The offset for the occultation star relative to the brightest field star was determined for each dataset. This offset was used as the exact position for extracting the occultation star flux on each image. This process avoids aperture wander off of the occultation star location during the occultation. Each site reduction process is presented as follows.
Ruby/Reno -A mean sky frame was generated and subtracted. The data were re-interlaced and had no dropped frames. The photometry was generated from a 5-pixel object aperture and a sky annulus from 8-40 pixels. The raw photometry shows clear signs of degrading sky conditions from 10:18 -10:20 UT. Getting the timing required a more careful examination of the images and determination of the brightness of the transitional frames for the model timing extractions.
Sumner/Carson City (S) -A sky frame was generated and subtracted. The images were re-interlaced and had the same dropped frame problem found with the other Carson City site. The final results have full-quality data after cleanup. The photometry was generated with a 5-pixel object aperture and the sky was determined from a robust mean of the entire image which was flat due to the subtracted sky mean.
Jack C. Davis Observatory/Carson City (B) -The mean sky image could not be generated to high-quality track and no calibration images. The data required re-interlacing and also suffered from dropped frames. Each frame was manually inspected to identify corrupted frames (one or two every 3 seconds). During the manual inspection the IOTA-VTI timing information was used to establish the identity of each frame and it's association with the individual integrations. In some cases, all 64 frames were good, but many had one or two frames that were not used. When properly identified, the timing is not affected by the loss of a few frames out of the 64 copies that should have been collected. In no case was there a dropped frame on an integration boundary. The photometric used was a 5-pixel object aperture and a sky annulus of 8-25 pixels. The final result, though laborious, was not affected by the dropped frames.
Yerington -A mean sky frame was generated and subtracted. The data were re-interlaced and had no dropped frames. The photometry was generated from a 5-pixel object aperture and sky was determined from the mean of each frame.
Bardecker/Gardnerville -The mean sky image could not be generated due to the excellent tracking at this site and the lack of separate calibration image sequences. The video data required re-interlacing but did not have any instances of dropped frames in the video data stream. A 5-pixel photometric aperture was used for the sources and a local sky value was determined for each with a sky annulus of 8-40 pixels. The frame integration boundary was visually determined by seeing the change in the background noise. A single transition was sufficient to establish the timing for the entire sequence. Note that this site used a telescope with an equatorial mount.
Tonopah -A mean sky frame was generated and subtracted. The data were re-interlaced and had no dropped frames. The photometry was generated from a 5-pixel object aperture and sky was determined from the mean of each frame.
Olsen/Urbana -This dataset uses a similar but not identical setup to the standard RECON system. The camera was a Watec-120N+ and has a similar sensitivity and operation to the RECON MallinCAM cameras but can integrate twice as long. The timing was provided by a Kiwi OSD video time inserter. A sky frame was generated and subtracted. The images were re-interelaced and there were no dropped frames. A 5-pixel photometric aperture was used with a sky annulus of 8-50 pixels to remove the small amount of flat sky residual background.
All the resulting light curves are shown in Figure 2 . The occultation fits consist of minimizing a classical χ 2 function for each light curve, as described in Sicardy et al. (2011) . The free parameter to adjust is the ingress (disappearance) or egress (re-appearance) time, which provides the minimum value of χ 2 denoted as χ 2 min . The best fits to the occultation light curves are shown in Figure 2 , and the derived instants of ingress and egress are shown in Table 3 . Note in Fig. 2 that the disappearance and reappearance of the star is very clear with exception of the Reno observation. The Reno data required special care due to the degrading sky conditions after 10:18 UT. At first glance, the point in the light curve near 10:19:32 seems to indicate the start of the occultation. However, careful examination of this integration still shows a faint remnant of the star along with some image artifacts and leads to an anomalously low signal. The integration at 10:19:34 clearly shows the star and is the frame where ingress begins as the star is completely gone by the next integration. In general, one might think the point at 10:19:32 is perhaps indicating some other interesting lightcurve feature other than ingress. In this case, the degrading observing conditions argue that the measured flux from this integration is spurious and should be treated as an un-occulted timestep and that is what we adopt for the interpretation of those light curves.
LIMB FITTING
Objects with diameter larger than about 1000 km are expected to be in hydrostatic equilibrium. As such, they reach either Maclaurin spheroid or Jacobi ellipsoid states (Chandrasekhar 1987) . The critical diameter, defined as the minimum size necessary to reach hydrostatic equilibrium, can be estimated to 200-900 km for icy bodies or from 500-1200 km for rocky bodies (Tancredi & Favre 2008) . 2007 UK 126 is within those critical ranges and considering it is in the small angular momentum regime (i.e., the body presents a low rotation period with an estimated rotational period of 11.05 hours and it presents a small-amplitude rotational light curve with ∆m = 0.03 ± 0.01 mag (Thirouin et al. 2014) ).
Thus, we will assume here that this TNO is close to the Maclaurin state.
Consequently, its limb is elliptical and is characterized by M = 5 adjustable parameters: the coordinates of the body center, relative to the star in the plane of the sky (f c , g c );
the apparent semi-major axis a ; the apparent oblateness = (a − b )/a (where b is the apparent semi-minor axis); and the position angle P A of the semi-minor axis b . The position angle P A is counted positively from the direction of celestial North to celestial East, while the quantities (f c , g c ) are expressed in kilometers, positively toward the celestial East and North directions, respectively. In the oblate Maclaurin spheroid hypothesis, the apparent oblateness is related to the true oblateness = 1 − (c/a) (where a = a and c are the true equatorial and polar radii, respectively) through:
where ξ is the polar aspect angle, i.e. the angle between the polar c-axis and the line of sight. The case ξ = 0 • (respectively ξ = 90 • ) then corresponds to the pole-on (respectively equator-on) geometry.
Note that 2007 UK 126 's pole direction is currently unknown, so ξ is undefined. Finally, it is useful to quantify the size of the body through its apparent equivalent radius R eq (rather than its equatorial radius a) defined by R eq = √ a b = a √ 1 − . This corresponds to the radius of the disk that has the same area as that enclosed by the apparent limb.
The seven positive occultation chords provide N = 14 data points (the ingress and egress chord extremities, see Fig. 3 and Table 3 ), whose positions are denoted as f i,obs , g i,obs .
The best elliptical fit to those points minimizes the radial residuals, from which the relevant χ 2 function is defined. The quality of the fit is then assessed through the value of the χ 2 function per degree of freedom (or unbiased χ 2 ), defined as χ 
RESULTS

Figs. 3 and 4 display the best elliptical limb fits obtained from the two sets of timings (GBR and MWB). Note that the difference between the immersion and emmersion
times comes from the fact that the determination of the instants is very sensitive to the photometry. Since the star is very faint and its flux is close to the background sky flux, a small change on the light curve can induce different instants.
Although having slightly different times, the parameters derived from each method agree with each other at the 1-σ level (Table 4) . Moreover, the respective values of χ 2 pdf for the elliptical fits are under 0.7, indicating satisfactory adjustements of the model to the data.
Purely circular shapes were also fitted to the data, resulting in χ 2 pdf values of 1.69 and 1.46 for the GBR and MWB timings, respectively. Thus, although circular fits remain acceptable in terms of quality, they do degrade the value of χ 2 pdf . In fact, Table 4 shows that the apparent oblatenesses differ from zero at the ∼ 2.5-σ level, a marginal detection of non-sphericity for 2007 UK 126 .
Note that in both solutions the Urbana chord seems a bit displaced towards East (Figs. 3 and 4) , compared to the elliptic model. Since the TNO is near the limit of the critical range to be a Maclaurin object, we can consider two possibilities: (1) With this in mind, we have allowed time shifts for all stations, aligning the middles of all chords, resulting in a χ 2 pdf value of 1.37 and a radial rms of 16 km, i.e. without significant improvement of the fit quality. Moreover, this implies that all sites had timing issues, some of them as big as one second (half of the integration time), which is unlikely to happen.
The fact that the observations are not repeatable makes difficult the assessment of timing errors. However, we do not expect large absolute timing errors at the various stations. Although it is important to note that the process of converting video to the stack images on GBR analysis (Section 3.1.1) may present some small error in time. For the MWB analysis, the conversion from video data to a light curve does not present any intrinsic timing errors beyond limitations imposed by the low SNR for the event (Section 3.1.2).
PHYSICAL PROPERTIES FOR 2007 UK 126
From the size and shape, the density can be derived if the mass of the system is known, e.g. through the motion of a satelite. As mentioned in Section 1, Grundy et al. (2011) reported the discovery of a companion, but no orbital elements are presently available for it. However, constraints on the density can still be derived in the Maclaurin hypothesis, when combined to the rotation period P , using the equilibrium equation (Plummer 1919) :
where G is the gravitational constant (G = 6.67408 ·10 −11 m 3 kg −1 s −2 ) and θ is related to the real oblatenes, , by cos(θ) = 1 − .
Eq. 2 imposes that the true oblateness is bounded according to ≤ . On the other hand, Maclaurin spheroids can have a maximum oblateness of = 0.417. For > 0.417, only triaxial ellipsoid of equilibrium are possible (Chandrasekhar 1987) . Moreover, the polar aspect angle must satisfy arcsin( ((1 − ) 2 − 1)/((1 − ) 2 − 1)) ≤ ξ ≤ π/2, the lower limit case corresponding to = 0.417 and the upper limit case corresponding to = .
In that context, it is interesting to assess the density of probability for , beyond merely stating that it should lie in the interval [ , 0.417].
For an elliptical fit the orientation of 2007 UK 126 's pole angle is partially constrained by the ellipse orientation. The polar aspect angle ξ remains undetermined but constrained to an interval [0.45 , π/2] through Eq. 2 and constraints on . Because the position angle of the fitted elliptical limb is known (Table 4) , we can assume here that the density of probability for ξ is uniformly distributed over all the possible values given by the interval.
Consequently, the probability to have ξ in the interval is ∼ 0.7, considering the possible values of (Table 4) . In other words, the measured apparent oblateness does not require a very specific, fine tuned orientation for the aspect angle.
Using both the GBR and MWB solutions we obtain a lowest possible value for (i.e. 0.105 -0.0040 = 0.065) from wich we can derive an upper limit for the density of of
The preferred rotation period for 2007 UK 126 is P = 11.05 h (Thirouin et al. 2014) .
However, other possible aliases exist, and only a secure lower limit of P> 8 h is eventually given by those authors. Fig. 5 presents the Maclaurin equilibrium curve for both periods.
To numerically estimate the probability distribution, P r (ρ), for the density, we generate a sample of aspect angles from an uniform distribution in the valid interval. This in turn provides the density of probability for the density via Eq. 2 and Eq. 3. We use the lowest 1-sigma value for = 0.065 and the prefered value for T=11.05 h.
Fig. 5 also displays P r (ρ). It shows that although ρ can be in the whole range [320 , 1740] kg m −3 it is probably close to its upper limit, indicating an icy-body. For a lowest rotation period of P=8 h, the probability distribution for the density will be qualitatively the same but in the range [600 , 3300] kg m −3 indicated in Fig. 5 for reference. In this case the density is probably close to its upper limit of 3300 kg m −3 indicating a rocky-body.
Only with an accurate rotation period measurement can a more definitive conclusion for the density be stated.
From the equivalent radius R eq , we obtain the geometric albedo p:
where AU km = 1.49598 × 10 8 km, H is the Sun magnitude at 1 AU (H ,V = −26.74), and H is the object absolute magnitude of the object. Minor Planet Center provides H R = 3.4
and Perna et al (2010 Perna et al ( , 2013 give H V = 3.59 ± 0.04. Adopting the ranges of equivalent radii obtained for both solutions, we calculate the geometric albedo of 2007 UK 126 in the visible (p V and p R ). The error bars represent the range of the albedo obtained for a given solution, combined with the uncertainty in absolute magnitude. Results are presented in Table 4 .
Conclusion
We observed the first multi-chord stellar occultations by the trans-Neptunian object (Table 1 ). The blue dots are the two telescopes at San Pedro Martir, that acquired data but did not detect the event, and the white dots are the sites that were clouded out or suffered technical failures (Table 2) . delays of the shadow due to the distinct longitudes of the sites (Fig. 1 ). Bottom panel:
Same from the MWB extraction. Note that no secondary occultation is observed, as could be caused by a satellite. Thirouin et al. (2014) b 'p V (Perna)' means p V using H from Perna et al. of 11.05 hours. The lower limit is given by the stability condition for a Maclaurin spheroid, while the upper limit is given by the occultation. Gray-filled histogram is the probability distribution for the density within this range in arbitrary units. Dashed blue line is the oblateness density relation for a period T=8 h, the lowest probable rotation period (see text). In this case, the probability distribution is qualitatively the same (not plotted) but in the range between 600 and 3300 kg m −3 indicated by vertical dash-dotted lines.
